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In spite of the uniform appearance of sleep as a behavior, the sleeping brain does
not produce electrical activities in unison. Different types of brain rhythms arise during
sleep and vary between layers, areas, or from one functional system to another. Local
heterogeneity of such activities, here referred to as local sleep, overturns fundamental
tenets of sleep as a globally regulated state. However, little is still known about the
neuronal circuits involved and how they can generate their own specifically-tuned sleep
patterns. NREM sleep patterns emerge in the brain from interplay of activity between
thalamic and cortical networks. Within this fundamental circuitry, it now turns out that
the thalamic reticular nucleus (TRN) acts as a key player in local sleep control. This
is based on a marked heterogeneity of the TRN in terms of its cellular and synaptic
architecture, which leads to a regional diversity of NREM sleep hallmarks, such as sleep
spindles, delta waves and slow oscillations. This provides first evidence for a subcortical
circuit as a determinant of cortical local sleep features. Here, we review novel cellular
and functional insights supporting TRN heterogeneity and how these elements come
together to account for local NREM sleep. We also discuss open questions arising from
these studies, focusing on mechanisms of sleep regulation and the role of local sleep in
brain plasticity and cognitive functions.
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INTRODUCTION
Sleep serves distinct needs for the mammalian brain and the body, ranging from restorative and
metabolic functions to oﬄine memory consolidation (Rasch and Born, 2013). Sleep-like states
occur also in jellyfish (Nath et al., 2017), the earliest metazoan species containing a nervous system,
suggesting a beneficial purpose of sleep for even the simplest neural circuits. Local variations of
sleep rhythms, i.e., specific to restrained portions of the mammalian brain, could account for
neural circuit-specific sleep needs and sleep functions. In this review we use the term local sleep
to refer to these local variations. During Non-Rapid-Eye-Movement (NREM) sleep, local sleep
is now shown for major rhythms: slow-oscillation (SO, <∼1.5 Hz), delta (1.5–4 Hz) and sleep
spindles (∼10–15 Hz). The SO is well-documented in rodents, cats, ferrets and humans, as a nesting
oscillation composed of a silent and an active state, the latter carrying spindles and high frequency
gamma rhythms (∼30–80 Hz) (Steriade et al., 1993; Achermann and Borbély, 1997; Rasch and
Born, 2013; Halász et al., 2014; Neske, 2015; Crunelli et al., 2018). The cortical origin of the SO
has been partly elucidated, in particular regarding the initiation, maintenance and termination of
the active state (Sanchez-Vives and McCormick, 2000; Timofeev et al., 2000; Luczak et al., 2007;
Sakata and Harris, 2009; Chauvette et al., 2010) (for review see, Neske, 2015). In contrast to the
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SO, delta waves are homeostatically regulated (Borbély and
Tobler, 2011), and their generation mechanism are less clear—
although the thalamus makes a strong contribution (Steriade
et al., 1993; Halász et al., 2014; Crunelli et al., 2018; Fernandez
et al., 2018). SO and delta, jointly described as a slow-wave
activity (SWA, ∼0.5–4 Hz), show a decaying antero-posterior
gradient in the human brain (Werth et al., 1997). SWA can
also appear as single and seemingly independent events in
local brain areas (Nir et al., 2011). Finally, sleep spindles can
emerge in spatially confined regions, independently from the
corresponding contralateral side (Nir et al., 2011), over regions
probably corresponding to the size of functionally defined areas
(Kim et al., 2015; Piantoni et al., 2017; Fernandez et al., 2018).
The description of local sleep in mammals is a fortunate
development for endeavors attempting to dissect circuit functions
of sleep. This is because developing techniques to identify and
manipulate sleep locally might reveal directly the distinct assets
of different sleep types for neural circuit properties, including
in particular the role of one sleep rhythm over the others.
An intriguing possibility is that local sleep is crucial for the
maintenance and protection of the cellular and synaptic wiring
of neural circuits and their plasticity. Prior studies have indeed
proposed beneficial effects relevant for neural circuits such as: the
regulation of synaptic strength and spine structure (Tononi and
Cirelli, 2014; de Vivo et al., 2017), ion homeostasis of intracellular
Ca2+ levels (Maret et al., 2007), cell-type-specific forms of
excitability and plasticity (Kurotani et al., 2008; Astori et al.,
2013), sensory receptive field regulation (Durkin et al., 2017), and
undeniably more aspects still to be discovered. Local-sleep driven
circuit reactivation also contributes to experience-dependent
plasticity of local circuits (Huber et al., 2004; Bergmann et al.,
2012; Johnson et al., 2012; Tamaki et al., 2013).
An influential hypothesis posits that wake-related area-specific
increases in synaptic strength underlie local differences in SWA,
suggesting that SWA takes on restorative functions in response
to experience-dependent plasticity (Tononi and Cirelli, 2006).
However, besides this hypothesis, so far there are no cellular
or synaptic mechanisms known that underlie local differences
in the spectral mix of sleep. Among the key players generating
sleep patterns, there are the thalamus and the surrounding
thalamic reticular nucleus (TRN) (Steriade and Llinas, 1988;
Magnin et al., 2010; Halassa et al., 2014). The TRN is a peculiar
shell-like inhibitory nucleus long known for its anatomical and
functional heterogeneity. A large body of literature documents
the role of the TRN in sleep rhythm generation, notably in sleep
spindles, but also in delta and SO (Steriade and Llinas, 1988;
Crunelli et al., 2018). However, despite its high heterogeneity and
its crucial implication in sleep rhythms, the TRN contribution
to local aspects of sleep has been considered only recently.
This is even more surprising given that the TRN is strongly
innervated by cortical inputs and is part of reciprocally connected
and focalized thalamocortical loops, at least in sensory systems
(Crabtree, 1999; Pinault, 2004). The cortical activity could drive
the TRN, which would in return influence the cortex in a
heterogeneous local manner.
Here, we explore how the TRN regulates sleep heterogeneity.
Our review attempts to bring together the different anatomical,
morphological and functional aspects of the TRN, disclosing a
local circuit framework that shapes sleep spatial variability.
FAR FROM BEING A HOMOGENEOUS
INHIBITORY NUCLEUS, THE TRN
SHOWS ANATOMICAL,
MORPHOLOGICAL AND
NEUROCHEMICAL DIVERSITY
Anatomical Diversity
The origin of cortical and subcortical afferents and the thalamic
target of TRN neurons define anatomical subregions in the
TRN. To describe these subregions, we focus here on the
TRN’s thalamic targets. The postero-dorsal portion of the TRN
is involved in visual (Crabtree and Killackey, 1989), auditory
(Shosaku and Sumitomo, 1983) and somatosensory modalities
(Crabtree, 1996). A gustatory sector (Hayama et al., 1994)
and a visceral sector (Stehberg et al., 2001) overlap in the
ventral portion of the TRN and extend from the posterior
to the intermediate region along the anteroposterior axis. The
anterior sector of the TRN is involved in motor and limbic
structures (Gonzalo-Ruiz and Lieberman, 1995a,b; Zikopoulos
and Barbas, 2007; Figure 1A, left). Primary sensory sectors of
TRN (Crabtree, 1999) provide focalized and dense projections to
first-order thalamic nuclei (Pinault and Deschênes, 1998), with
the large majority of TRN cells targeting exactly one nucleus in
a topographical order. The projections to higher-order thalamic
sensory areas typically originate from the same sectors of TRN
that target the first-order sensory areas, yet TRN cells projecting
to higher-order nuclei have a final terminal arborization that
extends over greater areas (Pinault et al., 1995). The TRN sector
projecting to prefrontal-projecting thalamic nuclei occupies most
of the rostral pole of the nucleus and is, at least in rodent,
clearly segregated from the posterior sensory sectors. Projections
into midline and intralaminar nuclei are made through small
and less dense terminal arborizations compared to primary
sensory projections (Pinault and Deschênes, 1998), with a
less strict topographical organization (Cornwall et al., 1990;
Kolmac and Mitrofanis, 1997).
Morphological Diversity
Beyond this anatomical subdivision, early histological studies
reveal several cytoarchitectonic and cellular differences in the
TRN of ferret (Clemence and Mitrofanis, 1992), cat (Clemence
and Mitrofanis, 1992; Lubke, 1993), rabbit (Lubke, 1993) and
rat (Requena et al., 1991; Spreafico et al., 1991; Lubke, 1993).
Spreafico undertakes a classification of three morphologically
different types of neurons based on their soma shape, their
dendritic arborization and their localization within the TRN
(Figure 1A, middle). The R-type cells have a round soma and
are preferentially located in anterior-limbic portions of TRN,
whereas the small fusiform-shaped f-type cells are located in
sensory sectors. Large fusiform F-type cells are found throughout
the nucleus and have an axonal arborization within the TRN
(Spreafico et al., 1988). Large F-type neurons receive chemical
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FIGURE 1 | TheTRN is a heterogeneous nucleus and shapes local sleep through parallel thalamocortical loops. (A) Coronal schemes of the anterior, intermediate
and posterior TRN showing the diversity of the connectivity (left), the repartition of TRN neurons with different morphological properties (middle), and the expression
pattern of some of the major molecular markers (right). (B) Coronal scheme of three parallel thalamocortical loops showing the impact of distinct firing properties of
TRN neurons in the different functional TRN sectors on the local activity of related cortices. Cortical inputs to the TRN are not depicted for clarity. In vitro whole-cell
current-clamp traces of TRN neurons are shown next to the related TRN drawing (black outline). TRN neurons show rebound burst firing after a hyperpolarization
step from –60 to –100 mV. Neurons in sensory sectors (green and blue) show more repetitive burst firing than the neuron in limbic sector (red). In vivo local field
potentials simultaneously recorded in the different cortices during NREM sleep with detected spindle event (color highlighted) are shown on the right. Sensory
cortices, in particular the somatosensory cortex in mice, are enriched in sleep spindles compared to prefrontal cortex. Whole-cell recording traces are adapted from
Fernandez et al., 2018 (CC BY 4.0). MD, mediodorsal thalamic nucleus; VPLpc, Ventroposterolateral parvicellular thalamic nucleus; VPMpc, Ventroposteromedial
parvicellular thalamic nucleus; LGN, Lateral geniculate thalamic nucleus; VPM, Ventroposteromedial thalamic nucleus; MGN, Medial geniculate thalamic nucleus.
and electrical connections in similar proportion whereas small
f-type seems to receive predominantly chemical synapses
(Deleuze and Huguenard, 2006). The extent of the axonal
arborization is also variable between TRN neurons. Cox et al.
(1996) describe three patterns of projection into the ventrobasal
thalamus of rat (cluster, intermediate and diffuse) and correlates
the axonal arborization with the strength of inhibitory control
over the thalamus (Cox et al., 1997). Diffuse axonal arborizations
do not respect the boundaries of thalamic somatosensory
vibrissae representation (called barreloids) and extend to a large
region of the ventrobasal thalamus. On the contrary, neurons
with clustered branching pattern form focal projections within
barreloids, corresponding to the axonal arborizations described
by Pinault and Deschênes (1998) and Desîlets-Roy et al. (2002).
The intermediate axonal arborization covers an area fourfold
greater than the clustered projection.
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Neurochemical Diversity
Additionally, the TRN neurons stain for a variety of
neurochemical markers, most of which are not homogeneously
distributed and not necessarily conserved across species. TRN
cells stain homogeneously, and most prominently within the
brain for the neurotransmitter gamma aminobutyric acid
(GABA) (Penny et al., 1984), for Glutamic acid decarboxylase
(GAD67) (Houser et al., 1980) and for vesicular transporter
of GABA, such as VGAT2 (Halassa et al., 2011) from rodents
to humans, consistent with the broad inhibitory synaptic
transmission they convey to the thalamus. However, Ca2+-
binding proteins such as calretinin and calbindin are not
homogeneously expressed throughout the TRN. For example,
calretinin and the KCl cotransporter KCC2 are preferentially
expressed in the anterior and in the dorsal part of the rat
TRN (Lizier et al., 1997; Bartho et al., 2004; Figure 1A, right).
Calbindin-expressing neurons are instead found mostly in
the posterior and intermediate regions of the rabbit TRN,
corresponding to sensory sectors (Contreras-Rodriguez et al.,
2003). The Ca2+-binding protein parvalbumin (PV) as well
as the somatostatin (SOM)-expressing TRN neurons seem to
form largely separate subpopulations that are intermingled
throughout sectors, albeit to varying degrees (Figure 1A, right).
For example, the inner tier of intermediate mouse TRN seems
devoid of SOM-expressing neurons (Clemente-Perez et al.,
2017). Other peptides, such as thyrotropin-releasing hormone
(Segerson et al., 1987), vaso-active intestinal peptide (Burgunder
et al., 1999), prolactin-releasing peptide (Roland et al., 1999) are
also described in the rat TRN with disparate expression patterns
throughout the nucleus (for review see, Pinault, 2004).
HETEROGENEOUS
TRN-THALAMO-CORTICAL
FUNCTIONAL LOOPS SHAPE LOCAL
SLEEP IN CORTEX
Sectorial Differences in TRN Cell
Function
Our recent paper (Fernandez et al., 2018) is a first step towards
demonstrating that TRN heterogeneity is essential to determine
local sleep. We used optogenetically-assisted circuit mapping of
TRN cell sectors in mice to define the functional properties of
TRN cells based on their sectorial localization. In doing so, we
identified both marked and graded differences in the endogenous
discharge characteristics of TRN cells along sectors (Figure 1B).
Cells in the somatosensory sector of the TRN showed the most
vigorous endogenous repetitive bursting. The burst discharge of
cells in the auditory sector of the TRN, while also pronounced,
was weaker than in the somatosensory sector. In marked contrast,
TRN cells innervated by the limbic mediodorsal thalamic nucleus
failed to discharge in repetitive bursts. Burst differences are likely
one of a number of several cellular and synaptic heterogeneities
in TRN sectors that remain to be explored with respect to
their impact on thalamic inhibition. In particular, whether these
sectorial differences in discharge characteristics correspond to
neurochemically distinct neuronal subtypes, such as PV- or SOM-
expressing cells as described by Clemente-Perez remains to be
determined (Clemente-Perez et al., 2017). Moreover, activity of
TRN cells is differentially modulated depending on the sector of
the TRN, visual or limbic, and the brain state, wakefulness or
NREM sleep (Halassa et al., 2014). TRN-mediated inhibition of
thalamic nuclei thus has unequal origins and might be recruited
during different brain states and neuromodulatory conditions.
Local Sleep Properties Correlate With
Heterogeneity in TRN Burst Discharge
To determine whether sectorial differences in discharge patterns
of TRN cells correspond to differences in local NREM sleep, we
recorded multi-site local field potentials in the corresponding
cortical areas (Figure 1B; Fernandez et al., 2018). These parallel
recordings revealed marked differences in the local spectral
composition of sleep. In particular, cortical somatosensory areas,
that form loops with strongly bursting somatosensory TRN
sector, produced fast and large spindles. This result is in line with
previous findings in mice of prominent sigma power (10–15 Hz)
in sensory-motor (Fernandez et al., 2017) and somatosensory
regions (Kim et al., 2015). Intriguingly, human NREM sleep
shows a clear sigma power peak and highest sleep spindle density
in central derivations that include primary sensorimotor areas
(Cox et al., 2017; Piantoni et al., 2017). Thus, some aspects
of the spatial organization of NREM sleep spindles are similar
in mice and humans. We next found that the power profile
of local sleep in auditory and limbic prefrontal cortices does
not contain such a strong sigma component, which correlates
with the moderate repetitive bursting capacity of cells contained
within the corresponding TRN sectors. Altogether, our findings
offer evidence that heterogeneous cellular characteristics of TRN
are linked to local sleep.
Manipulating TRN Activity to Switch the
Type of Local Sleep
To establish the causal relation between TRN bursting activity
and local sleep properties in this study (Fernandez et al.,
2018), we used either chemogenetic hyperpolarization of TRN
cells, or genetic removal of the CaV3.3 calcium channel,
an essential element of TRN bursting (Astori et al., 2011;
Pellegrini et al., 2016). Chemogenetic inhibition of TRN cells
in the sensory sectors suppressed bursting and simultaneously
hyperpolarized the cellular resting membrane potential, thus
reducing excitability. Genetic removal of the CaV3.3 channel
suppressed bursting while maintaining regular firing. In both
cases, local sleep in somatosensory cortex was largely depleted
of sleep spindles, which indicates that repetitive bursting of
TRN cells is the major determinant of sleep spindle density
in these cortical areas. Instead, in prefrontal areas, in which
spindles were less prominent, genetic removal of CaV3.3 did not
significantly affect the spectral composition of sleep nor of the
properties of individual spindle events. Besides sleep spindles,
the manipulation of TRN bursting also reduced power in the
SO band, while upregulating delta power. Therefore, the TRN
is important to regulate the spectral content of local sleep.
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These experiments open the possibility to modify local sleep
by manipulating burst discharge of TRN sectors, for example
through modulating the membrane potential of these cells.
Recent studies using optogenetic inhibition of TRN activity
(Lewis et al., 2015; Herrera et al., 2016) also report alterations in
the spectral characteristics of NREM sleep, yet without focusing
on local variations in this specific vigilance state. Activating
hypothalamic GABAergic input to the TRN switches the brain
state from NREM sleep to wake (Herrera et al., 2016); while
direct photoinhibition of the TRN in NREM sleep decreases the
1–4 Hz frequency band, but no distinction was made between
the SO and delta range (Lewis et al., 2015). Our recent study
finds in particular that local sleep in sensory cortex switches
between spindle– and delta–enriched forms depending on the
membrane potential of these cells. Multiple mechanisms regulate
the membrane potential of TRN cells during natural sleep,
in particular neuromodulation (Bal and McCormick, 1993; Ni
et al., 2016) and activation of extrasynaptic NMDA receptors
(Zhang et al., 2009). The exact conditions under which these
are activated and whether there are sectorial differences remains
to be elaborated.
IMPLICATIONS OF
THALAMICALLY–DRIVEN LOCAL SLEEP
FOR LOCAL NEURAL CIRCUITS
We explore here how experimental manipulations of TRN
advance insights into the functions of local sleep, in particular
when it comes to understanding its role in the maintenance and
plasticity of neural circuits.
Sleep Need of Local Neural Circuits
The amount of SWA during NREM sleep is homeostatically
regulated according to the time spent awake, and primarily
involves an increase in the delta component of SWA (Borbély and
Tobler, 2011). SWA can also be upregulated locally in a cortical
area according to its recent use. Somatosensory stimulation
during wakefulness enhances SWA and spindles locally in the
somatosensory areas in humans (Kattler et al., 1994), while
SWA diminishes following a period of arm immobilization
during wakefulness (Huber et al., 2006). Enhanced SWA
indicates an enhanced need for sleep; therefore, somatosensory
stimulation during the day augments the need of somatosensory
thalamocortical loops to enter deep NREM sleep. Therefore,
interference with local SWA increase after a period of sensory
stimulation could help to explore local circuit alterations in
a brain that otherwise sleeps normally. For example, intense
sensory stimulation (e.g., whisker stimulation) during waking
is known for enhancing SWA locally during NREM sleep in
related sensory cortex (Vyazovskiy et al., 2000, 2004). Acute
depolarization of TRN cells (Lewis et al., 2015; Fernandez et al.,
2018) could be applied to see whether the use-dependent increase
in the delta component of SWA can be prevented. Consequences
on the functional and structural organization of the barrel
cortex could then be traced to local sleep modification. This
experimental approach could represent a step forward as it
circumvents the non-specific effects of total sleep deprivation
previously used to monitor circuit alterations in response to
global homeostatic upregulation of NREM sleep. Moreover, it
will unravel the distinct implication of the low-frequency (SO)
and the high-frequency (delta) components of the SWA in local
neural circuits.
Developmental Regulation of Neural
Circuits
A poorly explored aspect of local sleep is whether it is beneficial
for the maturation and maintenance of neural connectivity.
As considerably documented in the literature, local rhythmic
activity occurs at early developmental stages in rodents (Tiriac
and Blumberg, 2016) and in humans (Whitehead et al., 2017).
Of particular interest is an immature form of spindle-related
activity, the “neonatal spindle burst,” which results from self-
generated muscle activity in the periphery, such as twitches of
muscles or whiskers. The neonatal spindle burst is a predominant
form of synchronized brain activity early in development (from
late prenatal stages to the first postnatal weeks) and appears
locally in cortical areas. These local rhythmic events are probably
crucial for the establishment of sensorimotor maps (Del Rio-
Bermudez and Blumberg, 2018). Although the relationship
to mature sleep spindles is not clear, mechanistic similarities
suggest that they could be forerunners (or at least immature
signs) of the circuitries generating mature sleep spindles (Del
Rio-Bermudez and Blumberg, 2018). Once the brain is adult,
could local spindles continue to play a role in thalamocortical
connectivity? This is supported by evidence that synchronized
Ca2+ entry in thalamocortical cells—which also occurs during
spindles—controls axonal outgrowth and synaptic refinement
(Mire et al., 2012; Moreno-Juan et al., 2017). Furthermore,
repetitive low-threshold bursting in TC cells induces waves of
Ca2+ entry and increases in intracellular cAMP levels (Lüthi
and McCormick, 1999) at frequencies that are known to serve
as codes for growth cone responsiveness (Nicol et al., 2011).
Barrel formation depends on the activity of adenylyl cyclase
type I (AC I), a calcium-dependent version of the enzymes
catalyzing synthesis of the intracellular messenger cAMP (Welker
et al., 1996; Abdel-Majid et al., 1998; Lu et al., 2003). Disruption
of the AC I-encoding gene results in the “barrelless” mouse
model that lacks cortical barrels (Welker et al., 1996; Abdel-
Majid et al., 1998). Loss of AC I in the sensory thalamus
reproduces this developmental defect, disrupting cortical barrel
patterns (Suzuki et al., 2015). To summarize, local sleep, by
reactivating specific thalamocortical loops and triggering cAMP-
dependent signaling cascades could maintain and reorganize
connectivity of thalamocortical systems. Such possibilities can
now be explored through manipulating local sleep via interfering
with activity in TRN sectors.
CONCLUSION AND PERSPECTIVES
Local sleep, as spatial variations of sleep rhythms within the
brain, is shaped by differences in thalamocortical connectivity
rooted in the anatomy and functional activity of the TRN.
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In support of this, we summarize evidence that the TRN is
segregated into different sectors with different cellular properties
that tune the type of regional sleep patterns. We also argue
that the TRN, due to the strong dependence of its discharge
patterns on membrane potential, could be a versatile area to
modify local sleep in response to use, experience and learning
(Huber et al., 2004; Johnson et al., 2012; Tamaki et al., 2013). It
remains to be seen whether compromised local neural circuits
involving the TRN may produce aberrant local changes in
the cortex. For example, a local wake state in motor areas
is isolated in the sleeping brain in sleepwalking parasomniac
patients (Terzaghi et al., 2009). Alternatively, in neuropsychotic
diseases such as schizophrenia, strong deficits in sleep spindles
possibly arise due to impaired TRN activity (Castelnovo et al.,
2017; Thankachan et al., 2019), pointing to the hypothesis
that sleep rhythm abnormalities in these diseases could be
related to aberrant activity in the local sectors of the TRN.
Dysregulation and abnormal compartmentalization of sleep
could impact other diseases for which the link has not yet
been established, compromising brain connectivity and learning
processes. Further understanding of the mechanisms regulating
the TRN will be essential in delineating the importance of the
spatial heterogeneity of NREM sleep for local neural circuits in
restorative and cognitive functions.
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